A novel type of circadian and photoperiodic control of the cell division cycle was found in photoautotrophic Euglena gracilis. When algae entrained to 24 h light-dark (LD) cycles (14 h L) were transferred to continuous darkness (DD) at the eighth hour of the final LD photoperiod, cell-cycle transition was arrested in phase G1, S or G2. The subsequent exposure of these dark-arrested cells to a 6 h light-break allowed the dark-arrested cells to undergo cell-cycle progression in DD, in a manner dependent on the circadian phase; maximum photoinduction occurred around dusk. Inhibitor experiments suggested that the photoinduced commitment of G2 cells to cell division required light for a signal originating in noncyclic photosynthetic electron transport (PET), particularly cytochrome b 6 -f but not for the metabolic energy required by the process. The fact that the circadian rhythm of photoinduction ran out-of-phase from that of noncyclic PET signaling suggests that the site of regulation by the former rhythm is downstream of noncyclic PET. The occurrence of maximum photoinduction around dusk suggests that the 'external coincidence' model of photoperiodic induction describes the activation of the photoinductive phase. Further evidence supporting this hypothesis is the relationship between cell reproduction and day ¶Posted on the web site on 3
INTRODUCTION
There are two endogenous clocks that regulate cell-cycle progression. Whereas a cell-cycle engine drives cell-cycle progression forward (1-4), a circadian clock negatively regulates or 'gates' cell-cycle progression such that cell population growth takes place only in a particular circadian phase of the day (5) (6) (7) (8) . This gating of cell population growth has been documented in both autotrophic and heterotrophic organisms, including cyanobacteria (8) and humans (cf Edmunds [6] ). Where gating occurs, light serves as an environmental time-cue, the so-called Zeitgeber, for resetting the circadian rhythm; under 24 h light-dark (LD) cycles, subjective night, an endogenous state in which cell population growth is allowed, occurs during the dark intervals in the algal flagellate Euglena gracilis (9) (10) (11) .
In photoautotrophs light is essential for cell growth, and progression through the G1 phase is dependent on photosynthesis in green algae such as Chlamydomonas (12) (13) (14) (15) . Algal cells that go beyond transition point T in the G1 phase become independent of photosynthetic activity and can complete the rest of the cell division cycle in continuous darkness (DD); they are 'committed' to cell division (13, 15) . Cells that have not reached developmental point T require photosynthetic growth until they reach a critical cell size to become committed to cell division (13) .
This photosynthetic control of cell-cycle progression is similar to the nutritional control of heterotrophs. As darkness arrests the algal cell-cycle progression in the G1 phase, nutritional deprivation in budding or fission yeasts arrests cellcycle progression in either the G1 or G2 phase, respectively (16) (17) (18) . Yeast cells that go beyond a 'start' or a size-control checkpoint are committed to complete the rest of the cycle and are able to do so even if they are starved (19) .
Both dark-induced cell-cycle arrest and photoinduced commitment to cell-cycle transition occur in the photoauto-trophic growth of E. gracilis (20) . Unlike Chlamydomonas in which a light-dependent restriction point is known to exist only in the G1 phase, in E. gracilis there are light-dependent restriction points in post-G1 phases also. Thus, when transferred to DD from continuous light (LL) some cells in the G1, S or G2 phases are able to undergo one or two cellcycle transitions, whereas others are not. Eventually, all the cells are arrested in the S phase or G2 phase or in the G1 phase like the earlier group. Once begun, mitosis can be completed in DD (20) .
The committed phase is determined by two factors (20) . First, cells at the later stages of G1, S and G2 phases are more prone to undergo cell-cycle transitions in DD than those at the earlier stages of each phase. This maturation is important because 25% of the steps that occur in the S phase are obligatory for the S/G2 transition in DD. Secondly, cells receiving stronger light are more likely to undergo cell-cycle transition in the following DD. Stronger light results in earlier commitment at each cell-cycle phase, suggesting the involvement of photosynthesis in photoinduced commitment to cell-cycle transition.
In contrast to the effect of light intensity on commitment by cells in post-G1 phases, similar progression in LL is totally unaffected by light intensities from 1.2 klx (slightly higher than the light-compensation point for photosynthesis in this alga) to 15 klx (at which photosynthesis is saturated). Progression through the G1 phase is slowed with decreasing light intensity (20) .
Commitment to cell-cycle progression is regulated by the maturity of cell-cycle phases and by light intensity. We report that circadian rhythm is a third factor; a circadian rhythm regulates the light responses of the commitment of G1, S and G2 cells such that light absorbed around subjective dusk is most effective in inducing commitment, whereas light absorbed around subjective dawn has no effect. Subjective dusk and dawn represent the endogenous states usually attained at dusk and dawn, respectively, under 24 h LD cycles. This rhythm persists in DD and is 6 h out-of-phase with the capacity of photosynthetic electron transport (PET) (21, 22) , indicating that the circadian effect is independent of any light reactions and regulates dark reactions leading to commitment downstream from the light reactions.
This circadian gating of the photoinduction process is a novel type of circadian control over cell-cycle progression and underscores the role of light at dusk. Because the effects of light exposure early in the subjective day are negligible but become much stronger with the approach of subjective dusk, the photoperiod is critical in the induction of cell reproduction. This type of circadian control of cell-cycle progression could contribute to the seasonal adaptation of algae. Because photoinduction is mediated by noncyclic PET, particularly by electron flux through the cytochrome b 6 -f complex (cyt b 6 -f) but not by overall photosynthesis, photophosphorylation or NADP ϩ reduction, the critical role of light appears to be as a signal rather than as a source of metabolic energy.
Finally, circadian gating of the photoinduction of the commitment of G2 cells forms an integral part of the division synchrony induced by 24 h LD cycles in Euglena.
MATERIALS AND METHODS

Organisms and culture conditions
The algal flagellate E. gracilis Klebs (Z) was cultured photoautotrophically and axenically at 25ЊC as in Hagiwara et al. (20) . Cultures were irradiated unilaterally by an array of cool white fluorescent lamps at a light intensity of 3.7 klx (52 mol m Ϫ2 s Ϫ1 ) unless otherwise stated.
Aliquots of the culture dividing asynchronously in LL were inoculated into 2 liters of fresh medium. Twenty-four hours later these cultures were subjected to 24 h LD cycles of 14 h light followed by 10 h darkness (LD: 14, 10). At the eighth hour (LDT 8) in the final photoperiod Euglena was subjected to DD, which completely suppressed cell population growth (i.e. an increase in cell numbers). In Fig. 3 the cultures were given a 6 h light-break at various times after being subjected to DD. Every 2 h, 7 mL of the culture was automatically collected and fixed using 0.5 mL of 20% neutralized formalin containing 5% KCl.
Cell number was measured with a Coulter Electronic Particle Counter. The onset of the burst in cell population growth was at about the 12th h of LD: 12, 12 and was defined as circadian time (CT) 12, which corresponds to the beginning of the subjective night and recurs with a circadian period, whereas CT00 (ϭCT24) represents the start of the subjective day. For the culture in DD after the shortened 8 h photoperiod of LD: 14, 10, the end of the photoperiod (i.e. LDT 8) was considered to be CT08, and the circadian period in DD was assumed to be 24 h.
In another series of experiments depicted in Figs. 5 and 6, lighting schedules were slightly modified. In the experiment concerning the effect of photosynthetic modulators on photoinduced commitment of G2 cells to cell division, cultures in LL at 6 klx were transferred to DD and given a 4 h light-break at 9 klx during subjective dusk, i.e. the 24th to the 28th h in DD. On the other hand, in order to see the photoperiodic response of cell reproduction, the alga was first cultured in LL at 2 or 6 klx and then transferred to DD. At the 12th h in DD, 24 h LD cycles (either 2 or 6 klx, respectively) with various photoperiods were started.
Evaluation of the percentages of cells in G1, S and (G2؉M) phase
Flow cytometry analysis of DNA content was carried out according to the method described previously (20) : The cells stained with propidium iodide were analyzed with a FACScan of Beckton Dickinson (San Jose, CA); after eliminating a small cluster of doublet population the percentages of cells in the G1, S and (G2ϩM) phase were calculated using a fitting equation of a diploid population supplied by ModFit LT of Verity SoftwareHouse, Inc. (Topsham, ME). The microscopic observation of mitotic cells is also described (20) .
Number of cells committed to cell-cycle transition
The number of cells committed to cell-cycle transitions was calculated as follows. First, we calculated the flux rates per 2 h of G1/S, S/(G2ϩM) and (G2ϩM)/G1 transitions. Then, we obtained their total flux rates from the onset of a 6 h light-break to the time when all cell-cycle transitions ceased. From these values we evaluated the committed flux rates of the G1 phase cells to progress to the S, (G2ϩM) and G1 phases, that of the S phase cells to progress to the (G2ϩM) and G1 phases, and that of the (G2ϩM) phase cells to progress to the G1 phase.
Step 1. Let the respective cell numbers in the G1, S and (G2ϩM) phases be x, y and z, and the total cell number n. From these observable parameters we calculated the unknown variables a, b and c, that is, the flux rates per 2 h of the G1/S, S/(G2ϩM) and (G2ϩM)/ G1 transitions, respectively. ⌬x represents the net (i.e. input Ϫ output) change per 2 h in x, and ⌬x ϭ 2c Ϫ a; the coefficient is 2 because one mitotic cell produces two G1 cells. Similarly, ⌬y ϭ a Ϫ b, and ⌬z ϭ b Ϫ c. The solutions of these equations give the values for a to c. Because ⌬n ϭ ⌬x ϩ ⌬y ϩ ⌬z ϭ c and counting n is much more accurate than determining x to z, the flux of the (G2ϩM)/G1 transition, c, is the most accurate.
Similarly, we calculated the total fluxes of G1-to-S, S-to-G2 and (G2ϩM)-to-G1 from the onset of the light-break to ϳ12 h after the end of the light-break, when all cell-cycle transitions were again arrested. The results were the same as those obtained by summing the flux rates per 2 h (i.e. a, b and c) from these periods.
Step 2. Note that the total flux of, for example, (G2ϩM)-to-G1 thus obtained represents all the (G2ϩM)-to-G1 transitions, not only for cells in (G2ϩM) but also for those in the G1 and S phases at the time of the light-break. In other words, the value is not concerned with how many of the G1, S and (G2ϩM) phase cells present at the onset of the light-break underwent cell division in the following period (mainly in DD). We call this kind of total flux the gross total flux. In addition, we calculated committed fluxes of G1-to-G1, S-to-G1 and (G2ϩM)-to-G1, which represent the respective numbers of cells in G1, S and (G2ϩM) that the light-break enabled to undergo cell division in DD. These cells are referred to as the cells that achieve photoinduced commitment to cell division in DD.
A sample calculation follows. Let the numbers of G1, S and (G2ϩM) cells be 51, 28 and 21, respectively, at the onset of the light-break. In addition, let the gross total flux of (G2ϩM)-to-G1 be 40 from the onset of the light-break to the time when all cell-cycle transitions again cease. In this case, the committed flux of the (G2ϩM) cells to the G1 phase is 21, that of the S cells to the G1 phase is 19 (ϭ40 Ϫ 21) and that of the G1 cells to the G1 phase is 0. Similarly, we calculated the committed fluxes of both S-to-G2 and G1-to-G2. The committed flux of G1-to-S is identical to the gross total flux of G1-to-S.
Inhibitor experiments
The effect of photosynthesis perturbation on the photoinduced commitment of the G2 cells to cell division was examined using the following chemicals: diuron (DCMU), 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), methyl viologen (MV), N,N,NЈ,NЈ-tetramethylphenylenediamine (TMPD), and carbonyl cyanide-m-chlorophenylhydrazone (CCCP). Dimethylsulfoxide was used as the solvent for the chemicals DCMU, DBMIB, TMPD and CCCP; it was ineffective for photoinduced commitment of G2 cells to division up to a concentration of 1.41 mM (0.011%); at a concentration lower than this the perturbation was carried out.
Light exposure (9 klx, 4 h) was carried out in the presence or absence of the chemicals from the 24th to the 28th h in DD, and the pulses were terminated by three centrifugal washes with fresh culture medium. Control cultures with no chemicals were treated identically. Later than 12 h after the final wash cell numbers were counted.
RESULTS
DNA flow cytometry
This study used DNA flow cytometry to estimate the distribution of the cell-cycle phases G1, S and (G2ϩM). The DNA histogram obtained by DNA flow cytometry depicts the number of cells that contained a single (1C), double (2C) or intermediate amount (1C-2C) of genomic DNA. These correspond to the G1, (G2ϩM) and S phase cells, respectively. Thus, the left and right peaks in Fig. 1 represent the G1 and (G2ϩM) populations, respectively, whereas the intervening region represents the S population.
Note that we cannot discriminate between the G2 and M cells using DNA flow cytometry. Furthermore, the bromodeoxyuridine method (23) for evaluating the numbers of S phase cells is not applicable to E. gracilis, which lacks thymidine kinase (24) . In order to estimate the percent distribution of each cell-cycle phase, a raw histogram was fitted to a model provided by ModFit LT (see Materials and Methods). An example of the fitting profiles is shown at the bottom-right of Fig. 1 .
Dark-induced cell-cycle arrest
It has already been shown that darkness induces cell-cycle arrest in the G1, S and G2 phases in E. gracilis grown loglinearly and photoautotrophically (20) . We report here that these three dark-induced arrests were also evident in circadian cultures that were entrained to LD: 14, 10 cycles. As shown in Fig. 1A -C when the final photoperiod was shortened to 8 h at LDT 8 and followed by DD, cell population growth did not occur: the number of cells was identical at LDT 0 (Fig. 1A ), LDT 8 ( Fig. 1B ; the onset of DD) and DD 16 (Fig. 1C) . This indicates that an 8 h photoperiod was not sufficient for any of the cells to become committed to cell division in the following DD. As shown in Fig. 1D ,E when the cells in LL were transferred to DD, cell population increased, indicating that there were cells committed to cell division.
Although no cells at LDT 8 were committed to cell division, the progression of other cell-cycle steps did no stop immediately (Fig. 1B,C) . Thus, the phase transitions of G1-to-S and S-to-G2 continued for 14 h in DD, and then a sta- Figure 2 . Growth curves showing differences in the capacity for photoinduced commitment to cell division. E. gracilis was first entrained to LD: 14, 10, then the final photoperiod was shortened to 8 h followed by DD. The light-break was at around (A) subjective dusk (T32-T38: 32-38 h after the onset of the shortened 8 h photoperiod) or (B) around subjective dawn (T44-T50). Note that cellcycle progression ceased by T24 (Fig. 1C) . Data (closed circles) were plotted at the middle of the light-breaks, whereas horizontal lines through them show the duration (6 h) of the light-break. The numbers below each data point are the number of experiment replicates; the SEM was so small that the error bars are hidden within the data points. The experiments shown in Fig. 4 were carried out using the lighting schedules labeled A to D. tionary state was reached at which there were 51.4 Ϯ 3.9% (SEM) G1 cells, 28.0 Ϯ 3.3% S cells and 20.6 Ϯ 2.8% G2ϩM cells in the population (Fig. 1C) .
The microscopic observation of nuclei in the dark-arrested cells revealed that the (G2ϩM) phase cells were actually G2 cells. Therefore, cells in circadian cultures finally arrested in darkness in the G1, S or G2 phase, as was the case for noncircadian cultures (20) . Mitosis, once started, can be completed in DD.
Circadian gating of photoinduction of commitment to cell division
In order to see whether the commitment to cell-cycle transitions is regulated by circadian rhythm, a classical lightinterruption experiment was performed. As shown in Fig. 2 when the last photoperiod was shortened to 8 h, cell population growth was inhibited in the subsequent DD as has already been reported in this alga (25) . However, 6 h lightbreaks during the DD allowed cell population growth. Notably, the cell population growth induced by a 6 h light-break occurred mainly in the following DD (see Fig. 2A for example). An increase in cell numbers sometimes started to occur during a 6 h light-break, but when this happened it was limited to near the end of the light-break (data not shown). Thus, cells required additional light to become committed to cell division. Actual cell division could proceed in DD as was the case for DD following LL ( Fig. 1D,E; 20) .
The extent to which dark-arrested cells became committed to cell division depended on the time of the light-break, as shown in Fig. 3 . Because cell-cycle progression was completely arrested in darkness by T20 (i.e. 20 h after the onset of the shortened 8 h photoperiod or hour 12 in DD), the distribution of cell-cycle phases was identical whenever there was a light-break; the dark-arrested cell population consisted of 51.4 Ϯ 3.9% (SEM) G1 phase cells, 28.0 Ϯ 3.3% S phase cells and 20.6 Ϯ 2.8% G2ϩM phase cells, as described above.
Clearly, a circadian rhythm gated the photoinductions of the commitments to cell division. Thus, the maximum of the rhythm was attained around the subjective dusk, i.e. CT08-14 (T32-T38: 32-38 h after the onset of the shortened 8 h photoperiod; T56-T62), whereas the 6 h light-break was not effective at all around the subjective dawn, i.e. CT20-02 (T20-T26, T44-T50 and T68-T74).
The rhythm was ascribable primarily to that of the G2 phase cells. However, mostly from the subjective evening to midnight, the step sizes were greater than 1.21, that is, the percent commitment was greater than 21% that represented a fraction of the cells in the G2 phase at the time of the light-break. In these phases 6 h light-breaks allowed S cells, in addition to G2 cells, to commit to cell division, too. When the percentage was greater than 49%, the G1 phase cells appeared to commit to cell division, too, in contradiction to our previous finding (20) of the inability of the commitment to cell division by G1 cells cultured in LL; however, as shown subsequently, it is the newly produced S phase cells during the light-break that committed to cell division.
The rhythm persisted in DD and therefore ran independently of photosynthesis, indicating that the rhythm primar- Fig. 4 were used. The values in this table represent the proportion (%) of G1-, S-and G2-phase cells that were committed by a 6 h light-break to progress into the S, G2 and G1 phase. Note that the number of G1, S and G2 cells contributed 51.4 Ϯ 3.9%(SEM), 28.0 Ϯ 3.3% and 20.6 Ϯ 2.8% of the cell population at the onset of the light-break, respectively. Because mitosis, once started, can be completed in DD, we use a commitment to the G2 phase instead of the (G2ϩM). †How to read this table: For example, after the 6 h light-break around subjective dusk, 80% of the dark-arrested G1 cells underwent both the G1/S and S/G2 transitions, whereas 47% (but not 33%) of them further progressed to the G1 phase in the next generation. In other words, of the 80% of G1 cells all were committed to progress to G2 phase, whereas ϳ60% (ϭ 47/80) were also committed to progress to the G1 phase in the next generation.
ily regulates a dark reaction(s) that is different from PET or any other light reaction(s). However, this does not necessarily mean that photosynthesis is not involved in the photoinductions of the commitments, as has been suggested by the fact that the photoinduction is greater with increasing light intensity (20) . It was also apparent from Fig. 3 that the capacity for photoinduced commitment was gradually lowered as darkness was prolonged.
Circadian gating of photoinduction of commitment to cell-cycle transitions
As already noted from the results shown in Fig. 3 the circadian gating of the photoinductions of the commitments to cell division was ascribable to both the G2 and S phase cells. Here, we examined whether there is a circadian gating of photoinduction of each cell-cycle transition, G1-to-S, S-to-G2 and G2-to-G1, by DNA flow cytometry carried out for the samples taken every 2 h. Figure 4 shows the temporal changes in cell numbers of the G1, S and (G2ϩM) phases that were brought about by a 6 h light-break at the four different circadian phases labeled in Fig. 3 as ''A'', ''B'', ''C'' and ''D''; the total number of cells at the onset of the light-breaks was set at 100 in the figure. Obviously, the photoinduced commitments to all the cell-cycle transitions were most profound around subjective dusk (Fig. 4B) ; the commitment was next strongest around subjective midnight (Fig. 4C) followed by around subjective midday (Fig. 4A ) and weakest around subjective dawn (Fig. 4D) . At a stationary state (ϳ10 h or later in DD) the G1, S and G2 phase cells were all present but not the M phase cells, whereas in Fig. 4B ,C the number of S cells was very close to 0, again indicating dark-induced G1, S and G2 arrest.
In all cases, the number of G1 cells started to decrease by 2 h after the onset of the light-break, indicating the early occurrence of the G1-to-S transition. The decrease became more marked in the later part of the 6 h light-break and in the subsequent DD. The continuance of the G1-to-S transition into DD indicates that the 6 h light-break committed these G1 cells to progress into the S phase, even though they were now in DD. The G1-to-S transition can proceed in DD and does not necessarily require continued light irradiation. Therefore, light is required for the G1 cells to become committed to progress to the S phase in DD.
Similarly, as shown in Fig. 4B , the number of (G2ϩM) cells started to increase at the end of the light-break, showing that the S-to-G2 transition can proceed in DD. Cell population growth (or the increase in the number of G1 cells) occurred in DD (Figs. 4A-C) . Taken together, while remembering that the dark-arrested (G2ϩM) phase cells were actually G2 cells, light was required for S or G2 cells to become committed to progress to the G2 or M phase, respectively.
In order to determine the extent to which the photoinduced commitment was attained, the total flux of cell-cycle transitions, from the start of the 6 h light-break to ϳ14th h in the following DD, was calculated using the results shown in Fig. 4 . Table 1 shows the percent commitment of the darkarrested cells to progress into the next cell-cycle phase at- tained after a 6 h light-break. The light-breaks around subjective dusk were clearly the most effective in stimulating the G1, S and G2 cells to progress to the subsequent cellcycle phase. Thus, circadian rhythms regulated the respective capacity of the G1, S and G2 cells to photoinduced commitment to the G1-to-S, S-to-G2 and G2-to-M transitions. All these in-phase rhythms should be responsible for the circadian gating of the photoinductions of the commitments to cell division (Fig. 3) .
Remarkably, with a 6 h light-break around subjective dusk, 47% of the G1 cells committed to cell division (Table  1) . A question arises as to when in the cell-cycle phases these 47% of G1 cells committed to cell division because we have previously shown in E. gracilis grown log-linearly in LL that 25% of the steps that occur in the S phase must be completed before cells can commit to cell division even under the strongest light that is saturated for cell population growth (20) . As shown in Fig. 4B there were 43 cells in G1 cells at the onset of the light-break. The G1/S transition started at the third hour of the 6 h light-break and gave rise to 20 cells in the S phase by the end of the 6 h light-break, suggesting that it is these 20 cells that were committed to cell division. That is, 47% (20 cells) of the 43 cells in the G1 phase at the onset of the light-break progressed to the S phase by the end of the light-break (Fig. 4B) . Thus, it is most likely that the newly produced S phase cells actually achieved photoinduced commitment to cell division but not the G1 cells; however, the requirement of the 25% steps in the S phase seems diminished at the subjective dusk.
Photosynthesis, respiration and photoinduced commitment
The G2 cells were used exclusively to study questions of photosynthesis, respiration and photoinduced commitment. When algae grown log-linearly in LL were transferred to DD, all cell-cycle transitions were arrested within 14 h; approximately 74, 4 and 22% of the cell population became stationary in state G1, S and G2, respectively (20) . Light exposure for 4 h during the 24th to the 28th h in DD, at around subjective dusk, induced the maximal commitment to cell division (A. Bolige and K. Goto, unpublished), but the percent commitment to cell division was 16.1 Ϯ 0.6 (SEM) (n ϭ 86) and thus, in most cases, less than 22%, indicating that only G2 cells committed to cell division under this experimental protocol.
During a 4 h light-exposure photosynthesis inhibitors DCMU, DBMIB, MV, TMPD or CCCP were administered. The inhibitors were removed at the end of the 4 h light pulse by three centrifugal washes. DCMU, which inhibits PET by blocking electron transfer from photosystem II to plastoquinone (PQ) (26) , completely inhibited the photoinduced commitment of G2 cells to cell division at 2 M (Fig. 5) .
MV catalyzes the electron flux from photosystem I to O 2 and bypasses ferredoxin reduction (27) ; MV is therefore expected to enhance noncyclic PET by providing an adequate electron acceptor, while suppressing cyclic PET by decreasing the level of reduced ferredoxin. At 0.3 mM, MV enhanced photoinduced commitment by 30% (Fig. 5) . This suggests that photoinduction does not require the reducing power supplied by noncyclic PET, or any of the stromal dark reactions (Benson-Calvin cycle and thioredoxin reductase) that are dependent upon that reducing power, or cyclic PET. Thus, the indispensable role of noncyclic PET in photoinduced commitment is most probably related to an as yet unknown signaling pathway other than the thioredoxin pathways, which were not activated by MV, and not to a demand for metabolic energy.
To determine whether the redox state of the PQ pool is involved in the process of photoinduction, the effect of DBMIB was evaluated. DBMIB is known to block oxidation of plastoquinol (PQH 2 ) by inhibiting its binding to the cyt b 6 -f complex (26) . Thus, the action of DBMIB on the redox state of the PQ pool is opposite that of DCMU. As shown in Fig. 5, 1 M DBMIB almost completely eliminated photoinduction of G2 cells to cell division. Therefore, oxidization of PQ by DCMU and reduction of PQ by DBMIB have similar effects ( Table 2 ), suggesting that the redox state of the PQ pool is unlikely to be responsible for the signaling pathways leading to photoinduced commitment.
Similarly, the effect of TMPD (26) was evaluated. TMPD catalyzes PQH 2 oxidation by donating electrons to plastocyanin, thereby maintaining the oxidation-reduction cycle of PQ. Therefore, TMPD supports both the generation of ⌬ H and photophosphorylation; it is therefore expected to suppress both electron flux via cyt b 6 -f and PQH 2 binding to cyt b 6 -f ( Table 2 ). As shown in Fig. 5 , TMPD was found to suppress photoinduced commitment of G2 cells to cell division in a dose-dependent manner; half-maximal inhibition 
*Triple signs, ''ϩϩϩ'' and ''-'', denote the presumed primary actions of chemicals, whereas single signs represent the presumed secondary actions. A plus sign ''ϩ'' denotes either stimulatory or ineffective effects, whereas a ''Ϫ'' represents inhibitory effects. Except for photoinduction the effects described are supported by the literature. was well within the range reported for catalytic action of PQH 2 oxidation (26) . Therefore, the requirement of noncyclic PET for photoinduction, as revealed by the effects of DCMU, DBMIB and MV, can be ascribed either to PQH 2 binding to cyt b 6 -f or to electron flux via cyt b 6 -f. The PQ cycle, ⌬ H or photophosphorylation are not responsible for photoinduction.
Further supporting evidence was obtained by examining the effect of the uncoupler CCCP (28) on photoinduction. Whereas 5 M CCCP is known to completely suppress photophosphorylation by Euglena chloroplasts (29) , Fig. 5 shows that the same concentration inhibited photoinduction only by half. Half-maximal inhibition of oxidative phosphorylation in the mitochondria of this alga is achieved by much less CCCP (30) . Besides the well-known uncoupling effect, CCCP inhibits noncyclic PET at higher concentrations (26) , suggesting that this may be why CCCP inhibits photoinduction.
In conclusion, the photoinduced commitment of G2 cells to cell division is stimulated by stronger light (20) and most probably involves noncyclic PET and either PQH 2 binding to cyt b 6 -f or electron flux through cyt b 6 -f. Evidence shows that neither the reduced nicotinamide adenine dinucleotide phosphate produced by noncyclic PET nor the adenosine triphosphate that is generated by photophosphorylation and oxidative phosphorylation is required for photoinduction. Therefore, the cyt b 6 -f flux supported by noncyclic PET likely generates a signal that leads to the photoinduction by G2 cells. The pathway leading to photoinduced commitment is regulated by a circadian rhythm that operates in the absence of light reactions and is out-of-phase by 90Њ from the circadian rhythm of the noncyclic PET capacity, which peaks at around subjective midday (21, 22) . Thus, the downstream pathway of the photosynthetic signal should be the site of the circadian regulation of the timing of photoinduced commitment of G2 cells to cell division. These conclusions may also hold true for the photoinduced commitment of G1 and S cells to cell-cycle transitions (Table 1, Figs. 3 and 4) .
Photoperiodic response of cell division
The circadian gating of photoinduction of commitment to cell division (Table 1, Fig. 3 ) underscores the role of light at dusk. Under 24 h LD cycles light becomes progressively more important for photoinduction, which prompted a closer examination of the effect of day-length. The results shown in Fig. 6 were generated by culturing E. gracilis under LL at either 2 or 6 klx with subsequent transfer to DD. At the 12th h in DD, the subjective dawn, 24 h LD cycles (light at either 2 or 6 klx) were begun, and cell reproduction per 24 h cycle (the step size) as a function of day-length was compared.
The results clearly revealed that the step size was not linearly related to the photoperiod, but was related to the relative increase in day-length, whether the comparison was made between the step size in the first circadian cycle or those in the averaged or final steady-state cycles; a steady state was not reached in 7 days for the 2 klx culture with photoperiods shorter than 16 h. Clearly, this was a long-day response in which the critical day-length was slightly shorter than ϳ4 h, as estimated for the step sizes in the final steady state.
Obviously, this photoperiodic response of cell division involves a circadian rhythm of the photoinduction of commitment to cell-cycle transition (Table 1, Figs. 3 and 4) ; therefore, it is not just a direct response to day length. The greater response to longer day lengths is not ascribable solely to the longer period of photosynthetic activity. The results are consistent with the external coincidence model (31-35) of photoperiodism, which assumes that a long-day response takes place only when light occurs during a particular period in the circadian cycle, called the ''photoinductive phase.'' Interestingly, when the day length was 4 or 6 h the step sizes in the initial few cycles were equal to or near 0. Later, they showed positive, albeit small, averaged values when compared with those for the first cycles. This suggests that with repeated 4 or 6 h photoperiods the G2 cells progressed to later phase points in the G2 phase and then finally committed to cell division in the following darkness. These cells may not have entered a quiescent state during 18 or 20 h of darkness, although longer darkness may cause cells to enter a quiescent state, as shown in Fig. 3 .
DISCUSSION
This study revealed that circadian rhythms regulate photoinduction of commitment by the G1, S and G2 phase cells to progress to the subsequent cell-cycle phases in DD. The most profound responses occurred when algal cells were exposed to light around subjective dusk, whereas light exposure at subjective dawn was ineffective (Table 1, Figs. 3 and  4) . Such in-phase rhythms by G1, S and G2 cells (Table 1 , Fig. 4 ) result in circadian gating of photoinduction of commitment to cell division (Fig. 3) . G1 cells were less prone to commit to cell division but committed to cell division as they progressed to the S phase (Table 1, Fig. 4) .
As suggested by the effect of light intensity on photoinduced commitment to cell-cycle transition (20) , inhibitor experiments revealed that photosynthetic light plays a role in the photoinduction of G2 cells (Fig. 5) , and this may also be true for G1 and S cells. Photosynthesis is required for generating a redox signal but not metabolic energy. The fact that circadian gating of photoinduction persisted in darkness (Figs. 3 and 4) and ran out-of-phase by ϳ6 h with the circadian rhythm of noncyclic PET capacity (21, 22) clearly shows that a dark reaction(s) downstream from the photosynthetic redox signal is the site of regulation by circadian rhythm.
This study not only underscores the importance of light at dusk but also suggests the existence of photoperiodism in E. gracilis. The photoperiodic induction of cell division (Fig.  6) was not a passive response to photoperiod but was generated by the combined effects of photosynthetic light, the circadian rhythm that regulates the pathways leading to the commitment to cell division and nonphotosynthetic light that entrains a rhythm to 24 h LD cycles. The external coincidence model explains such a pattern of photoperiodic induction.
Finally, circadian gating of the photoinduction of commitment by G2 cells to cell division should be an integral part of the mechanisms for 24 h LD cycle-induced division synchrony.
Note that these phenomena are related to photoautotrophy but not to heterotrophy because heterotrophic Euglena neither requires light exposure nor photoinduced commitment for cell-cycle progression in darkness; Hagiwara et al. (20) describes the dependence of cell-cycle regulation on metabolic pattern in this alga.
Signaling from noncyclic PET and cyt b 6 -f
Previous work showed that cells receiving stronger light are more likely to commit to progress through later cell-cycle phases and to make these commitments by earlier cell-cycle phase points (20) . This light-intensity effect suggests that photosynthesis is involved in photoinduced commitment. This hypothesis was confirmed by using photosynthetic inhibitors; photosynthesis was required for generating redox signal originating in cyt b 6 -f flux but not for metabolic energy (Table 2 , Fig. 5 ).
It might seem surprising that the photoinduced commitment of G2 cells to cell division requires little, if any, metabolic energy. However, unpublished results (A. Bolige and K. Goto, unpublished) in which the inhibitory effect of DCMU on photoinduction was partially alleviated, under conditions that could not support photosynthesis, by the simultaneous addition of cyclic AMP, support this conclusion. These observations raise questions as to where the signal for photoinduced commitment originates in noncyclic PET.
Photosynthesis generates at least four regulatory signals: the ferredoxin-thioredoxin system (36) (37) (38) (39) , ⌬pH (40) (41) (42) (43) , the redox state of the PQ pool (39, (43) (44) (45) (46) (47) (48) (49) and PQH 2 -binding to cyt b 6 -f (37, 46, (50) (51) (52) . In this alga, thioredoxin cannot behave as a signal for photoinduction because MV stimulates photoinduced commitment of G2 cells to cell division. The redox state of the PQ pool can also be excluded because both DCMU and DBMIB suppress photoinduction. Finally, the inhibitory effect of TMPD indicates that either PQH 2 -binding to cyt b 6 -f or electron flux through cyt b 6 -f is the most probable signal. Further study is necessary to confirm these conclusions.
Whatever the nature of the photosynthetic signal, it must be stressed that the signaling that we studied culminates in cell division and in this sense represents an integrated phenomenon at the whole-cell level, quite in contrast to previous studies that dealt with signaling, such as the state I/II transition (37, 45, 46, (50) (51) (52) , stoichiometric adjustment of photosystems (39, 42, 43, 48, 49) and photoinhibition (41, 44, 47) .
The circadian rhythm that regulates the timing of photoinduced commitment persists without photosynthetic activity in complete darkness. Evidently, the pathway(s) to the commitments downstream from the photosynthetic signal that is able to proceed without any light reactions is regulated by the circadian rhythm. It is, however, suppressed in darkness and must be activated by light in a manner that is dependent on light intensity; noncyclic PET is responsible for this light activation.
Moreover, the capacity of noncyclic PET is under circadian control (21, 22) with peaks around subjective midday; this is 90Њ out-of-phase from the circadian rhythm of the photoinduction that we examined, which peaks around subjective dusk. Thus, the amplitude of the circadian gating of photoinduction per se or the dark reactions leading to commitments that lie downstream of the redox signal originating in noncyclic PET must be higher than that observed in this study.
Photoperiodic induction of cell division
The circadian gating of photoinduction of commitment to cell-cycle transition is a novel type of circadian control over cell-cycle progression (Table 1, Figs. 3 and 4) . Circadian gating of photoinduction has already been described for Cab gene transcription in Arabidopsis (53) and for the translation of two component proteins of LHCPII in E. gracilis (54) . However, these cycles peak at subjective midday and cannot be responsible for the photoperiodism that we studied.
According to the external coincidence model for photoperiodic induction a long-day response is brought about only when there is light in the photoinductive phase, which is usually between subjective dusk and midnight (31) (32) (33) (34) (35) Figs. 3 and 4) , lengthening of the photoperiod nonlinearly and synergistically increased the photoinduced commitment by G2 cells to cell division (Fig. 6 ). Photoperiodism in unicellular organisms has already been reported for cyst formation by the dinoflagellate Gonyaulax polyedra (55) .
Photoperiodism is a biological mechanism for seasonal adaptation and may have multiple evolutionary origins. Photoperiodism has been defined as a biological process that depends on a photoperiod, which may be determined by measuring day or night lengths by mechanisms involving at least three components, including a timer (mostly circadian rhythms), a light-signal transduction pathway and a lightresponsive pathway (35) . This definition lacks essential biochemical implications, such as the fact that the timer may be an hourglass-type clock or a circadian clock (31) (32) (33) (34) (35) . According to this more complete definition the photoperiodic induction of cell reproduction (Fig. 6 ) requires all the three components; therefore, it is true photoperiodism.
No photoperiodic responses involving photosynthesis have been reported to date; it has been proposed that total light-energy absorption is less important than the timing of light exposure in the circadian cycle, regardless of conformation to the external coincidence model or internal coincidence model (31) (32) (33) (34) (35) . This study, however, shows that both the total amount and the timing of irradiation are critical. First, progression through G1 phase probably depends on the total amount of photosynthesis (12) (13) (14) (15) 20) . Second, the photoinduced commitment of G2 cells to cell-cycle transition, and perhaps also that of G1 and S cells, is determined by a signal originating in noncyclic PET (Fig. 5) , which in turn is positively related to light intensity (20) and exposure length (A. Bolige and K. Goto, unpublished) as well as to the timing of irradiation (Table 1, Figs. 3-4) .
The photoperiodic induction (Fig. 6 ) reported here is consistent with the external coincidence model. It does not conform to the internal coincidence model, in which light is thought to play the sole role in resetting the underlying circadian rhythm, because light plays a dual role in the photoperiodic induction (Fig. 6) involving two different photoreceptors.
Although noncyclic PET mediates photoperiodic induction (Fig. 5) , the phase-resetting role of light is mediated by different reactions. A DCMU pulse at 10 M that completely inhibited PET not only failed to cause a phase-shift (11) but also failed to abolish the phase-resetting effects of light pulses (T. Mori and K. Goto, unpublished) that regulate the timing of cell population growth in E. gracilis. We believe that similar results will be obtained for the circadian rhythm that regulates the downstream light-responsive pathway leading to commitment. Consistently, photoinduction was maximal at subjective dusk (Table 1, Figs. 3 and 4) , when phaseresetting light is known to be least effective in all organisms examined (6) , and fell to zero at subjective dawn (Table 1, Figs. 3 and 4) , when phase-resetting light advances circadian phases (6) . Thus, light plays a dual role in photoperiodic induction in E. gracilis.
Photoautotrophy and dark-induced cell cycle arrest
Cell cycling in E. gracilis grown photoautotrophically is arrested by darkness in G1, S and G2 phases. Uncommitted cells, the numbers of which are increased at both lower light intensities (20) and shorter photoperiods (Fig. 6) , are unable to undergo cell-cycle transition and arrest in their current cell-cycle phase.
This behavior is reminiscent of starvation-induced cellcycle arrest in yeasts, which may occur in cell-cycle phase G1, S, G2 or M, whereby starved yeast cells enter a quiescent state in their current phase. Interestingly, cells in the quiescent state in any phase are much more resistant to stress, such as heat shock or UV irradiation (16) (17) (18) .
As can be seen in Fig. 3 , prolonged darkness weakened the capacity of E. gracilis for photoinduced commitment to cell division, and microscopic examination revealed that cells were more compact in darkness than in LD: 14, 10 (data not shown). Thus, it is tempting to speculate that darkarrest is not just a passive response but is an adaptive response to darkness or unfavorable conditions. Commitment determines not only the cell-cycle phase to which a cell may progress but also the phase in which it arrests. In turn, whether to commit is determined by the combined effect of three endogenous factors: the cell's maturity in each cell-cycle phase, its circadian phase and its redox state, which senses the environmental light intensity. Thus, dark-arrest is probably an adaptive response because it involves three endogenous factors. Further study will determine whether dark-arrested Euglena cells enter a quiescent state and whether they become more resistant to stress.
It is interesting to note that circadian gating of cell population growth in photoautotrophic Euglena diminishes in LL even when light is less intense (6) . Because the circadian rhythm of protein synthesis persists (54), it is highly probable that the clock underlying the circadian gating of cell population growth runs normally but is uncoupled from cellcycle progression. This uncoupling might arise when the photosynthetic redox signal originating in noncyclic PET is strong enough or is continuously produced.
Biochemistry of the circadian pathways to the commitments
Although the biochemical features of the commitment pathways downstream of the photosynthetic redox signaling remain unknown, circadian rhythms with a peak or trough at subjective dusk might be responsible for these pathways. In E. gracilis such a candidate is NAD ϩ kinase, which is regulated by a circadian rhythm with a trough around subjective dusk (11; T. Mori and K. Goto, unpublished) . A 2.3 h pulse of NAD ϩ (0.5 mM) or a calmodulin antagonist, W7 (20 M), applied during the 3 h photoperiod in a free-running LD condition (3L 3D), is most effective in inducing a phase-shift (advancing or delaying, respectively) of the circadian gating of cell division at dusk (11) .
In this alga, ADP-ribosyl cyclase oscillates in a synchronous culture induced by LD: 14, 10 and attains its maximum activity around subjective dusk (56) . Interestingly, the intracellular level of its product, cyclic ADP-ribose, changes in parallel with the enzyme activity and induces Ca 2ϩ release from microsomal fractions (56) , as in other organisms (57) . It would be worth examining whether ADP-ribosyl cyclase activity and cyclic ADP-ribose levels are regulated by a circadian rhythm.
Cyclic AMP might also be involved in the circadian pathways leading to commitment to cell-cycle transition because the major peak in the bimodal rhythm of the intracellular level of cyclic AMP occurs around subjective dusk in photoautotrophic cultures of this alga (58) . Heterotrophic cultures of the ZC mutant display the same levels of cyclic AMP at both dawn and dusk in a bimodal rhythm (59, 60) .
Gross protein synthesis may also be involved because a circadian peak occurs around subjective dusk when 14 C-phenylalanine is incorporated in darkness but not when incorporated in light (61) . More recently, a circadian rhythm with its peak around subjective dusk was reported for the synthesis of gross protein (62) and a membranous 60 kDa protein (63) measured by the incorporation of 35 S-methionine in the presence and absence of light.
Some preliminary data (A. Bolige and K. Goto, unpublished) suggest the involvement of calcium, cyclic AMP and protein synthesis in the photoinduction of commitment by G2 cells to cell division, as expected from the phasing of their circadian rhythms.
Mechanisms for division synchrony induced by 24 h LD cycle
In algae cell division synchrony is easily induced by 24 h LD cycles. Earlier work has established that light plays a dual role in the induction of division synchrony. First, light entrains a circadian rhythm underlying the timing of cell division to 24 h LD cycles so that cell population growth takes place only in the dark intervals. Light also supports the photosynthesis-dependent progression through the G1 phase. When the light is strong enough (Fig. 2) all the cells double in the dark and division synchrony is achieved.
This interpretation of the results is the most plausible one, especially considering the ubiquitous nature of the circadian gating of cell population growth in free-running conditions (5) (6) (7) (8) (9) (10) (11) ). Yet, some argue against the involvement of the circadian rhythm (13) (14) (15) because under 24 h LD cycles, a simpler mechanism that involves only photosynthesis-induced commitment of G1 cells to cell division could also explain division synchrony.
Under our culture conditions for E. gracilis, G1 cells could not commit to cell division. This study clearly reveals the previously overlooked fact that light at subjective dusk is obligatory for photoinduction of commitment to cell-cycle transition because of a circadian regulation of light-responsive commitment pathways. The circadian rhythm of photoinduction is undoubtedly integral to the mechanism of division synchrony that is induced by 24 h LD cycles.
